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Abstract
We realize an indefinite media with hyperbolic 
isofrequency surfaces in wavevector space by employing 
two-dimensional metamaterial transmission lines in radio-
frequency range. We classify different types of such media, 
and visualize the peculiar character of wave propagation by 
study of the cross-like emission pattern of a linearly 
polarized emitter placed in the lattice center. We also 
demonstrate an excitation of extraordinary waves 
propagating in a prescribed direction controlled by the 
polarization handedness of localized circularly polarized 
emitter. Our results are supported by a solution of the 
Kirchhoff equations, an analytical theory, and experimental 
data.
1. Introduction
Hyperbolic metamaterials, being a particular class of 
indefinite media [1], are described by the electric or/and 
magnetic tensors with the components of the opposite sign. 
Due to the hyperbolic isofrequency contours in the wave-
vector space, such structures exhibit a number of unusual 
properties. First, waves at their boundaries may exhibit 
negative refraction, similarly to the case of double-negative 
metamaterials. Second, they have a diverging density of 
photonic states that allows enhancing the strength of light-
matter coupling [2]-[4]. This makes a concept of hyperbolic 
media very promising for tailoring broad-band light-matter 
interaction, nanophotonics applications, including single-
photon generation, sensing, and photovoltaics [5]-[7].
Here, we consider an uniaxial anisotropic hyperbolic 
medium characterized by the scalar permittivity and 
longitudinal and transverse permeabilities xx and yy. In
the radio-frequency (RF) regime we mimic such a medium
by artificial two-dimensional transmission lines based on 
lumped elements [8]. We demonstrate that a circularly 
polarised emitter near an anisotropic hyperbolic 
metamaterial unidirectionally emits in extraordinary modes 
of the metamaterial with the directionality of energy
propagation controlled by the circular dipole handedness.
The effect is numerically demonstrated and confirmed by 
the experimental investigation of the hyperbolic 
metamaterial prototype operating at 36 MHz frequency.
2. Hyperbolic Metamaterial at RF
We mimic an uniaxial anisotropic hyperbolic medium
characterized by permeabilities 0.33 at the operational 
frequency f0= 36 MHz by artificial two-dimensional 
transmission lines (Fig. 1 (a)) whit the values of lumped
elements Cy=3.2 nF, Lx=3.2 nH and Lz=9.5 nH. [8]. For the 
grid consisting of 21×21 unit cells, we analytically solve the 
Kirchhoff equations and obtain the voltage distribution 
along the grid. A radiating dipole is mimicked by small 
current filaments, while nearly harmonic regime of weak 
coupling between the dipole and the metamaterial is 
assumed. To mimic the linearly polarized dipole, two 
voltage sources with the same amplitude and opposite 
phases in two diagonal nodes of the structure (marked in 
Fig. 1 (a) as +1 and -1, respectively) are used. A circular 
dipole is implemented using four voltage sources connected 
to neighboring four nodes at the centre of the array. The 
sources share the same amplitude but are 90o phase-shifted
with respect to each other (marked in Figs.1 (b) and (c)).
Figure 1: The unit cell of the two dimensional transmission
line metamaterial composed of lumped elements excited by
(a) a linearly polarized and (b,c) circularly polarized dipoles.
(d) Photograph of the two-dimensional hyperbolic
metamaterial prototype composed of 21 × 21 unit cells.
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The modeled magnetic field distribution in the RF 
hyperbolic metamaterial excited by the linearly polarized 
dipole (Fig. 2(a)) placed at the centre of metamaterials 
shows a symmetric radiation pattern, where the energy 
propagates equally along the direction of the extraordinary 
axes. Strongly directional, not symmetric magnetic field 
intensity distributions are excited by either left-hand or 
right-hand polarised dipoles (Fig. 2 (b,c)). The contrast ratio 
of the intensity in orthogonal directions corresponds to 
about 10 dB, with the width of the excited mode being 
/300 (full width at half maximum). Fig. 2 (d-f) represents 
the modeled magnetic field distribution with Ohmic loss in 
all components and 10% tolerance of component nominal 
values taken in to account.
3. Experimentall Investigation
The photograph of the two-dimensional hyperbolic 
metamaterial prototype composed of commercially
available RF components and operating at the frequency 
f0=36 MHz is depicted in Fig. 3(d) [8]. We have 
experimentally studied the emission of a dipole of different 
polarisations placed inside of this two-dimensional 
hyperbolic metamaterials using a two-port VNA Agilent 
E8362C PNA. To achieve the dipoles with different 
polarizations, we have used the commercially available 
splitters (SBTCJ-1W+, JSPQ-65W+) from Mini-Circuits .
We measured the magnetic field distribution with the help 
of a magnetic probe at a distance of 1 mm above the top 
surface of the prototype using the automatic, mechanical,
near-field scanner. The field has been measured along the 
metamaterial surface with a 4 mm step ( /2500). The 
measured field distribution has a pronounced cross-like 
shape for the linearly polarised dipole (Fig. 2 (g)) in 
agreement with the simulations. For the circularly polarised 
dipoles, the measured field exhibits unidirectional energy 
propagation depending on the dipole polarization 
handedness (Fig. 2 (h and i)).
4. Conclusions
We have numerically and experimentally demonstrated that 
the circularly polarised emitter near the RF anisotropic 
hyperbolic metamaterial unidirectionally emits in
extraordinary modes of the metamaterial with the 
directionality of energy propagation controlled by the 
circular dipole handedness.
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Figure 2: The intensity distributions of the waveguided modes 
in the metamaterial excited by linear polarised (left column) 
and circular polarised dipole of different handedness (middle 
and right columns). (a-c) Simulated intensity maps in the case 
of ideal lossless metamaterial, (d-f) simulated intensity maps 
in the case of metamaterial with random imperfections, and
(g-l) experimentally measured intensity maps. The excitation
dipole polarization is indicated in the figures.
